S
troke is the second most common cause of deaths (11.8% of all deaths) and the third most common cause of disability (4.5% of disability adjusted life years from all-cause) worldwide. 1, 2 Each year, >140 000 Americans and 10 000
Canadians die of stroke. 3, 4 More than 90% of the stroke burden globally is attributable to modifiable risk factors, including cardiometabolic conditions, smoking, as well as poor diet. 5 In addition, age, sex, genetics, and family history are also major risk factors for stroke. [6] [7] [8] [9] Selenium (Se) is a trace element essential for supporting human health. 10 Se incorporates into selenoproteins and Sedependent enzymes (eg, glutathione peroxidases), which are involved in antioxidant and anti-inflammatory processes, as well as in intracellular redox regulation and modulation. 11 Observational studies have suggested that Se may have beneficial effects against certain cardiovascular outcomes, with a possible U-shaped association. [12] [13] [14] [15] [16] However, trial results are controversial. Specifically, 2 large randomized control trials (SELECT [Selenium and Vitamin E Cancer Prevention Trial] and NPC [Nutritional Prevention of Cancer Trial]) conducted in the United States, a Se-replete population, showed no benefits on the incidence and mortality of coronary heart disease and stroke. 17, 18 The objectives of the present study were to examine crosssectional associations between blood Se concentrations and prevalence of stroke in the general North American population (ie, both Canada and the United States) as well as to explore the potential nonlinear relationship between blood Se and prevalence of stroke. We hypothesized that (1) blood Se levels would be inversely associated with the prevalence of stroke; and (2) the relationship between Se and prevalence of stroke would be nonlinear.
Methods Ethics
No new data were collected, and therefore no ethics review was needed.
Study Population
To assess the association between Se and stroke in the North American population, we used data from the Canadian Health Measures Survey (CHMS) and the US National Health and Nutrition Examination Survey (NHANES). Details of the 2 surveys have been published elsewhere. 19, 20 We combined the first 2 cycles of CHMS (2007-2009 and 2009-2011) , which included 7000 adult respondents (≥aged 20 years).
To ensure comparability between the 2 surveys, we used NHANES data from 2011 to 2012, which included 5000 adult respondents (aged ≥20 years). The response rate (participants who completed both questionnaire and laboratory test) was 70.8% for the CHMS and 69.5% for the NHANES. The CHMS is available to Canadian researchers through Statistics Canada's research data center program, and the NHANES is publicly available.
Assessment of Selenium Biomarkers
In the CHMS, blood Se was measured by inductively coupled plasma-mass spectrometry (Elan DRC II; Perkin Elmer Sciex). 21 Laboratory analyses were performed at the Centre 
Outcome
Stroke was defined as self-reported health professional confirmed diagnosis in both databases. In the CHMS, the following question was asked during the interview. "Now I'd like to ask about certain chronic health conditions which you may have. We are interested in 'long-term conditions' which are expected to last or have already lasted 6 months or more and that have been diagnosed by a health professional. Do you suffer from the effects of a stroke?" In the NHANES, the following question was asked. "The following questions are about different medical conditions. Has a doctor or other health professional ever told you that you had a stroke?" No subtype information is available in both databases. The median diagnosed time of stroke was 5 years in the NHANES, and such information was not available in the CHMS.
Assessment of Risk Factors
Risk factors of stroke were assessed in both surveys. Whole blood mercury was measured following the same respective procedures in the CHMS and NHANES. 21, 22 Total cholesterol was assessed for the CHMS and NHANES participants. Blood pressure was measured as the average of 3 measurements for NHANES and 5 measurements for CHMS. Body mass index was calculated by dividing the weight (in kilograms) by the square of height (in meters). Diabetes mellitus status was determined based on self-reported diagnosis or fasting glucose ≥7.0 mmol/L for both surveys. Medication use for high blood pressure, high cholesterol, and diabetes mellitus were determined from the questionnaire. Use of nutritional supplements containing Se in the last 30 days was also determined from the questionnaire. Socioeconomic status
Clinical Perspective
What Is New?
• We observed a linearly decreasing trend of stroke with whole blood selenium in Canadian Health Measures Survey, whereas the curve plateaued at 190 lg/L for US National Health and Nutrition Examination Survey, as opposed to the widely accepted U shape.
• The inverse association between selenium and stroke was more salient in certain population subgroups: male, elderly, white, and people with higher education and higher income.
• The inverse association between selenium and stroke was consistent for whole blood, serum, and urinary selenium.
What Are the Clinical Implications?
• Selenium status might be a novel factor associated with stroke.
• The association between habitual selenium intake (as reflected by selenium biomarkers) and stroke might be different from the association between selenium supplement and stroke.
(sex, age, race, education, and family income) and smoking status were based on self-reported responses in the questionnaires.
Statistical Analysis
The participant characteristics were assessed with descriptive statistics, including the frequency, mean, and 95% CIs. We first examined differences in whole blood Se concentrations by stroke status. The weighted geometric mean for whole blood Se was calculated for different population subgroups. We used logistic regressions to investigate the difference in the prevalence of stroke by whole blood Se tertiles, adjusting for age, sex, systolic blood pressure, smoking status, total cholesterol, diabetes mellitus, medication and vitamin supplement use, race/ethnic background, education, annual family income, body mass index, and parents' history of stroke from the CHMS and NHANES data. All analyses were stratified by variables in which either the prevalence of stroke or whole blood Se were unevenly distributed, including sex, age (<60 and ≥60 years old), education (less than college or college and above; individual for NHANES and household for CHMS). The cut-offs were the medians of the variables of interest. Mercury exposure is an emerging risk factor for cardiovascular diseases, [23] [24] [25] and we also stratified the analysis by blood mercury concentration (<0.86 and ≥0.86 lg/L). The adjusted odds ratios (ORs) of the prevalence of stroke by whole blood Se tertiles, as obtained from the logistic regressions, were visually depicted in forest plots. Restricted cubic spline regression was fitted to explore the potential nonlinear shape of the dose-response curve between whole blood Se and stroke. 26 Two sets of sensitivity analyses were conducted to ensure the replicability of the results. First, segmented logistic regression, with 1 breakpoint, was fitted to examine the shape of association further. 27 The adjusted ORs associated with each 10-lg/L increase in blood Se were reported for ease of interpretation. A forward procedure was adopted to show the relative contribution of other risk factors and their influence on the effect size of Se and the breakpoints. Model 1 included Se and a constant; model 2 added sex and age; model 3 added traditional stroke risk factors (ie, smoking, diabetes mellitus, systolic blood pressure, total cholesterol, body mass index, medication, and supplement use); and model 4 added socioeconomic status (education, marital status, and family income). Second, all the analyses were conducted using creatinine-adjusted urinary Se in the CHMS and serum Se in the NHANES, as alternative measures of selenium status. The descriptive analysis, logistic regressions, and forest plots were performed with Stata version 14.1 (StataCorp LP, College Station, TX), and the restricted cubic spline regression and segmented logistic regression were performed with R (R Core Development Team). Survey weights were used to ensure representative population-level estimates for both surveys. All standard errors, CIs, and coefficients of variation were bootstrapped with 500 replicates to account for the complex sampling design used in the CHMS. Table 1 presents the CHMS and NHANES participant characteristics by stroke status. The mean age of the CHMS and NHANES participants was 46 and 48 years, respectively, and the participants were relatively equally represented by males and females. A total of 82 (1.16%) and 202 (4.02%) stroke cases were identified in CHMS and NHANES. There were some differences in the participant characteristics between the 2 surveys; however, in both surveys, people with stroke were older, had higher systolic blood pressure, lower total cholesterol, higher body mass index, and higher prevalence of diabetes mellitus. Table 2 presents participant characteristics by whole blood Se tertiles in both data sets. There were no statistical differences between most socioeconomic factors and stroke risk factors across whole blood selenium tertiles. The selenium tertile 3 consisted of more males and fewer current smokers in both data sets. The medication and nutrition supplement use pattern was also similar across Se tertiles. Table 3 presents the whole blood Se levels of CHMS and NHANES participants by stroke status stratified by socioeconomic characteristics and blood mercury levels. In both surveys, participants with stroke had lower Se levels than those without stroke, with a mean difference of 16 and 12 lg/ L for CHMS and NHANES, respectively. This trend was observed for all subgroups. In both surveys, cases with no stroke, males, participants younger than 60 years, those with a college education, those with a higher annual family income, and those with lower blood mercury levels had higher blood Se levels. The whole blood Se concentrations were comparable between stroke survivors diagnosed within 5 years (n=117, 181 lg/L) and more than 5 years (n=112, 181 lg/L) in the NHANES.
Results
Figures 1 and 2 present the adjusted ORs of stroke by whole blood Se tertiles for the CHMS and NHANES participants. The cut-off points for the medium and high tertiles of blood Se concentration for CHMS were 184 and 207 lg/L and those for NHANES were 181 and 201 lg/L, respectively. The 95th percentiles were 250 and 237 for CHMS and NHANES, respectively. Although the ORs of the stratified groups tended to vary among the tertiles, the high blood Se tertile tended to have more significant protective effects against stroke than the medium tertile in both the CHMS and NHANES populations. For the subgroup analysis, the magnitudes of association were smaller and more likely to be significant for male, elderly (aged 60 years and over), participants with higher education and income, and participants who had higher blood mercury concentration, for both the CHMS and NHANES. In sensitivity analyses, the association between creatinine-adjusted urinary Se (CHMS), serum Se (HNANES), and stroke were similar.
Supporting the forest plot analysis of the association between whole blood Se and stroke, the restricted cubic spline regression results ( Figure 3A and 3B) revealed a linear association between whole blood Se and stroke in the CHMS, whereas a nonlinear association was found in the NHANES. A continuous decreasing trend was observed for the CHMS participants, whereas the curve plateaued starting at 190 lg/ L for the NHANES participants. As sensitivity analysis, restricted cubic spline regression analyses were conducted for the association between creatinine-adjusted urinary Se (CHMS, Figure 4A ), serum Se (HNANES, Figure 4B ), and stroke, both of which presented nonlinear decreasing trends. Table 4 presents the ORs of stroke associated with each 10-lg/L increase in whole blood Se. Segmented logistic regressions with 1 breakpoint were fitted, and the identified breakpoint and slopes (ie, ORs) before and after the breakpoint are presented for blood Se for the CHMS and NHANES populations. Traditional risk factors (eg, age, sex, and blood pressure), socioeconomic factors, and mercury were added sequentially to the models. Interestingly, no breakpoint was identified for any of the models of the CHMS data, and the prevalence of stroke decreased by 15% with each 10-lg/L increase in blood Se levels. This further supports the linear association between whole blood Se and stroke in the CHMS. Meanwhile, the breakpoint for the NHANES data was 190 lg/L, before which the prevalence of stroke decreased by 20% for each 10-lg/L increase in blood Se levels, and after which the trend plateaued.
Discussion
We observed inverse cross-sectional associations between whole blood Se and prevalence of stroke in representative samples of the Canadian and the US population. Differences in the magnitudes and significances of associations were observed for socioeconomic status (age, sex, education, income, and race) and blood mercury concentration. We observed a sharp decline in the prevalence of stroke until 180 lg/L whole blood Se from both the CHMS and the NHANES. The corresponding serum Se concentration is 120 lg/L. This finding agrees with previous literature that serum/plasma Se concentration at 100 to 120 lg/L is sufficient to optimize functions of glutathione peroxidases and selenoprotein P.
28,29
These results are somewhat inconsistent with a large body of observational data suggesting a possible U-shaped association between Se status/intake and cardiometabolic outcomes. 15 One plausible explanation is that the U-shaped association was mainly based on all-cause mortality. 14, 15, 30, 31 The association between Se and stroke might be different.
Bleys and colleagues reported that all-cause mortality decreased with serum Se up to 130 lg/L, plateaued, and then increased moderately after 150 lg/L in the US NHANES population. 30 The association curve for Se and coronary heart disease mortality was very similar to that for all-cause mortality (ie, the U-shaped curve). However, the association curve for Se and stroke mortality had a reversed U-shape. 30 Several epidemiological studies conducted in populations with low Se intake (eg, Finland and The Netherlands) also reported associations with larger effect size between Se and stroke, compared with associations between Se and coronary heart disease. 32, 33 Secondly, in addition to traditional risk factors such as blood pressure and cholesterol, increased oxidative stress was proposed as a physiopathological mechanism in stroke, 34 since Se is essential for enzymes such as glutathione peroxidases and thioredoxin reductases, which are involved in antioxidant defense and intracellular redox regulation and modulation. 11, 35 This may partially explain the observed stronger association between Se and stroke, compared with Se and heart disease. Thirdly, the spline regression curve is used as a model to visualize the potential nonlinear association between the nutrient/exposure and the selected health outcome. Factors from both the data (eg, the joint distribution of Se and the health outcome) and the method itself (eg, spline methods used, number of knots chosen, and control variables included) can all influence the shape of the association curve. The event rate in the present study is relatively low compared with other studies. The sparseness of data point at high-end Se concentration might also contribute to the difference in the shape of association. The associations observed between Se and stroke were not the same across different population subgroups. In general, the associations were stronger among male, elderly, white people with higher education, and higher income. These characteristics were reported to be associated with higher Se status, potentially through higher dietary intake of fish and nuts. 36, 37 These characteristics, except for the elderly, were also related to a healthier lifestyle and lower prevalence of stroke in general. The results suggest that Se may exhibit some beneficial effect in population subgroups with a lower risk of stroke and high habitual Se intake. It should be noted that some of the population subgroups with relatively low Se status (eg, racial minorities, population with low income and low education levels) are less likely to be represented in prior clinical trials. Higher blood mercury concentrations enhanced the associations. The interaction between Se and mercury may partially explain it. 38, 39 It is interesting to compare our results with the trials using Se supplementation (ie, SELECT and NPC), where no beneficial effects were reported on cardiovascular outcomes in relatively similar North American populations. The baseline mean serum Se concentration was 135 lg/L for SELECT participants and 115 lg/L for NPC participants. The glutathione peroxidases and selenoprotein P functions for most participants of the 2 trials might already be at the optimal level before supplement. Secondly, Se supplementation was reported to be associated with increased risk of type 2 diabetes mellitus. 15, 16, 40 The association between Se intake/ supplementation and lipid profile is also controversial. [41] [42] [43] These effects might attenuate the protective effect of Se on stroke. However, a closer examination of the NPC results showed that participants in the third tertile of baseline serum Se had much lower cardiovascular disease incidence and mortality, compared with participants in the first and second tertiles. 17 Both our sensitivity analysis using serum Se and subgroup analysis by socioeconomic characteristics showed very similar results. Many other epidemiological studies with stratified analysis showed similar findings as well. 32, 33 This raises the possibility that the association between baseline Se status (habitual Se intake) and cardiovascular outcomes might be different from Se supplementation. 44 For example, both dietary Se intake and whole blood Se were found to be negatively associated with the prevalence of stroke among Inuit living in Canada, a population with high Se exposure through their traditional diet rich in fish and marine mammals. 45 Unfortunately, such stratified analysis is not available from SELECT publications. Further longitudinal studies will help to confirm this hypothesis. Another concern might be that this study used the whole blood Se as the main biomarker, while many of the previous studies focus on serum or plasma Se, which can better reflect levels of glutathione peroxidases and selenoproteins. However, this may not be an important factor since there is a good agreement between the whole blood and serum/plasma Se concentration in most of the populations. 46 Our sensitivity analysis using serum Se in the NHANES showed very similar results as whole blood Se. Se is excreted through urine. Our sensitivity analysis using urinary Se in the CHMS also supports the main findings. Antihypertensive medication use, especially diuretics, was not related to either whole blood Se or urinary Se concentrations in the present study. This study has several strengths. We made an effort to ensure the replicability of our results. Parallel analyses were conducted in 2 separate databases, with multiple measures of Se status. The association between Se biomarkers and prevalence of stroke was also investigated from multiple aspects. Moreover, different statistical methods were also adopted to explore the nonlinear dose-response relationship between Se and stroke. The main weakness of this study is the cross-sectional design that can only show associations and not causal relationships. In addition, the health outcome is selfreported, which can be subject to recall bias. However, there is evidence supporting the validity of using self-reported illness. 47 The stroke events occurred before Se biomarkers were measured. Many factors influencing Se biomarker levels (eg, medication, diet, and smoking) might change after stroke. This could result in reverse causality. However, we showed that whole blood Se concentrations were the same between participants who had a stroke less than or more than 5 years ago. Furthermore, medication, especially diuretic use, was not related to whole blood and urinary Se concentrations. Both smoking cessation and healthier dietary choice would generally result in higher whole blood Se concentrations, 36 which will lead to more conservative risk estimates in the association between Se and stroke. Information on the subtype of stroke was not available in both data sets, which makes it complicated to postulate the potential mechanisms of the beneficial impact of Se on stroke. The antioxidant nature of Se and its potential effect on blood pressure might be good explanations. In conclusion, we observed inverse cross-sectional associations between Se biomarkers and prevalence of stroke in representative samples of the Canadian and US populations. The inverse relationship between Se and stroke was nonlinear with potential inflation point at 190 lg/L whole blood Se and 120 lg/L serum Se. Prospective cohort study or re-analysis of Se supplement trials with baseline Se biomarkers could provide more insight into the association between Se and stroke. Some of the population subgroups with low Se status (eg, ethnic minorities and people from lower socioeconomic background) should be targeted in future investigations. The adjusted odds ratios associated with each 10-lg/L increase in blood Se (selenium) were reported for ease of interpretation. A forward procedure was adopted to show the relative contribution of other risk factors and their influence on the effect size of Se and the break points. 
